Aortic areas predisposed to early atherosclerosis in swine demarcated by Evans blue uptake (blue areas) show preferential intimal penetration by blood monocytes before and during lesion formation. These cells are thought to be the major source of foam cells in these early lesions. To examine mechanisms controlling monocyte migration into these areas, extracts of aortic tissue from both blue and white areas of hypercholesterolemic (H) and normal (N) swine were tested for chemotactic activity against monocytes from N and H swine and neutrophils from H swine. The data indicate that extracts of blue areas from H swine contained at least one, and possibly two, factors chemotactic only for monocytes from H swine, but not N swine. These factors were not present in similar extracts from white areas of H swine, or either blue or white area extracts from N swine. Gel filtration chromatography of crude blue area extracts separated two chemotactically active fractions of molecular weights 68,000 and 5000 that were not present in white area extracts and that elicited a positive chemotactic effect only for H swine monocytes. These findings provide a mechanism explaining our previous findings of preferential monocyte adhesion and intimal penetration in lesion-prone areas, and indicate that control of monocyte recruitment into the artery involves not only alteration of the arterial wall, but also functional changes in the circulating monocyte. (Arteriosclerosis 5
I n previous publications, 12 we have shown that areas in the aortic arch of swine that take up intravenously injected Evans blue dye 3 are susceptible to early atherogenesis 24 and are associated with enhanced accumulation of low density lipoprotein (LDL). 5 Lesion formation in such areas is preceded by the preferential adherence to the endothelium of blood-borne monocytes, 2 which subsequently migrate into the intima and become the major source of foam cells in these early lesions. 34 There is also evidence to suggest that, at least in the swine model, such monocyte-derived, lipid-laden, foam cells may migrate back into the blood by traversing the endothelium, and be cleared by the reticuloendothelial system. 4 In addition to this potential role in lipid clearance, monocyte-derived macrophage foam cells may affect lesion formation and vessel wall pathol-ogy through the production of macrophage-derived growth factor, 6 proteases, 7 lipoprotein lipase, 8 or factors that regulate LDL receptor activity on monocytes. 9 Because of these potential roles of the monocyte in atherogenesis, the mechanisms controlling their recruitment into the vessel wall are of considerable importance, yet are poorly understood. Monocytes are known to respond to a wide variety of chemotactic stimuli, including kallikrein and plasminogen activator, 10 fibronectin, 11 thrombin, 12 elastin, and collagen fragments, 1314 platelet-derived growth factor (PDGF), 15 and C5 a as well as factors secreted by arterial smooth muscle cells, 17 fibroblasts, 18 and various cell-derived inflammatory factors. 19 Since areas of Evans blue uptake in the swine aortic arch have been shown to be susceptible to lesion formation that is preceded by the preferential migration of blood monocytes into these areas, the hypercholesterolemic swine offers an excellent model in which to study potential mechanisms controlling monocyte recruitment in atherogenesis. The present study was undertaken to investigate the possibility that areas of Evans blue uptake contain chemoattractant factors for blood monocytes that may control their migration into the vessel wall in early atherogenesis.
Blood samples to obtain either monocytes, whole blood serum (WBS), or plasma-derived serum (PDS), were obtained by percutaneous jugular puncture from swine under sedation with ketamine hydrochloride (Ketaset, Bristol Laboratories, Syracuse, New York), at a dosage of 20 mg/kg body weight. Blood for isolation of monocytes or mononuclear cells was drawn into syringes containing 3.8% sodium citrate (final concentration in blood, 0.2%). Mononuclear cells were prepared from whole blood by centrifugation at 400 g on Ficoll-Hypaque (Pharmacia Fine Chemicals, Piscatoway, New Jersey) (density 1.077 g/ml). Before use, monocyte suspensions were counted on a Coulter counter (Coulter Electronics, Inc., Hialeah, Florida) and tested for viability by erythrosin dye exclusion.
WBS was prepared by allowing whole blood to stand in 50 ml plastic centrifuge tubes for 3 hours at 20° C, and then centrifuging at 1240 g for 20 minutes at 4° C to remove the clot. PDS was prepared from citrated whole blood, which was centrifuged at 1240 g for 20 minutes at 4° C. The plasma was carefully removed and centrifuged in prechilled tubes at 25,000 g for 30 minutes at 4° C. It was kept on ice for 3 hours, and 1.0 M CaCI 2 was added to a final concentration of 20 /iM/ml. The solution was then diluted 1:6 with 1X Ringer's salt solution, mixed, and incubated at 37° C for 2 hours. The clot that formed was loosened with a wooden applicator stick, and centrifuged at 1000 g for 30 minutes at 4° C. The resultant PDS was poured off and dialyzed against two changes of Ringer's solution (pH 7.4) at 4° C for 24 hours before use. Protein analyses of aortic extracts, WBS, and PDS were carried out with use of the Lowry procedure, 20 Coomassie blue protein assay, 21 or, in the case of fractions from gel filtration columns, a modified Fluorescamine assay. 22 Chemotaxis assays were carried out in 48-well microchemotaxis chambers (Neuro Probe, Incorporated, Bethesda, Maryland) by using the procedures described by Harvath et al. 23 The bottom wells of the chambers were filled with 25 /xl of test chemotactic solutions in Geys balanced salt solution containing 2% bovine serum albumin (BSA). A polyvinyl-pyrrolidine (PVP)-free polycarbonate filter sheet (pore size 5 fim for monocytes, 3 /urn for neutrophils) was placed on the bottom plate. A silicone gasket and top plate were placed over the filter and bolted down. Freshly prepared cell suspensions (2 x 10 6 cells/ml) in Geys BSA were added (25 fi\) to the top chambers and the apparatus was incubated at 37° C for 90 minutes for monocytes, and 30 minutes for neutrophils.
At the end of the incubation time, the chamber was disassembled, and the filter was suspended between two clamps. The top side of the filter was then drawn gently up the edge of a windshield wiper blade. This procedure was repeated three times with immersion in phosphate-buffered saline (PBS) between wipings to remove adherent cells. The filter was fixed in methanol for 5 minutes, stained with May Grunwald-Geimsa stain, then mounted on a glass slide, and dried. Since mononuclear cells prepared by centrifugation upon Ficoll-Hypaque contain approximately 70% lymphocytes, the specificity of monocyte migration was tested by staining filters after incubation for nonspecific esterase/peroxidase activity using the techniques of Yam et al. 24 and Kaplow. 25 In some instances, purified monocyte and neutrophil preparations were prepared by elutriation using a modification of the technique of Fogelman. 26 Regardless of the cell separation technique used, quantitation of leukocyte migration was carried out by counting the number of cells on the bottom side of the filter sheets. Six fields of constant area were counted per well at a magnification of 500X on a Zeiss microscope. All assays were done in triplicate. Geys BSA alone was used as a negative control, and either endotoxin-activated serum 27 or the formylated tripeptide, f-met-leu-phe, were used as positive controls. Both positive and negative controls were run in triplicate in the same chamber as test solutions.
To determine if the migratory responses observed were truly chemotactic (i.e., a directional migration against a gradient of the factor), or merely chemokinetic (i.e., an altered speed of directionally random migration independent of a gradient), the chequerboard assay of Zigmund and Hirsch 28 was used. Using this technique, extracts and chromatographic fractions from blue and white areas, as well as WBS and PDS from normal and hypercholesterolemic swine were placed in the chemotaxis chambers at various concentrations both below and above the filter. Cellular migration was then quantitated in the absence of a gradient and compared with migration against both positive and negative gradients of the factor. These assays were carried out using monocytes from both normal and hypercholesterolemic swine.
Gel filtration column chromatography of crude aortic extracts was carried out on either a 1 x 60 cm Sephacryl S-300 Superfine (Pharmacia) column by using 140 mM Tris-HCI buffer (pH 6.8) containing 0.125 mM dithiothreitol (DTT) and 2.1 x 10-3 mM Leupeptin at a flow rate of 1 ml/hr, or Sephadex G-50 (Pharmacia) (1 x 45 cm) with the same buffer at a flow rate of 4 ml/hr. Ion exchange chromatography of albumin-like fractions was carried out on Blue Sepharose CL-5B (Pharmacia), bed volume 1 ml, eluted with 50 mM Tris-HCI (pH 7.2) containing 50 mM KCI. The bound fraction was eluted with 1 M KCI.
Results
The general findings on the monocyte chemotaxis assays carried out in these studies were that in the incubation time used, only esterase/peroxidasepositive mononuclear cells (monocytes) migrated through the pores to the underside of the membrane. Studies using various incubation times showed that at 90 minutes, no cells were in suspension or adherent to the walls of the bottom chamber, indicating that cells counted on the underside of the membrane were representative of the migrated monocyte population. Reducing agents or protease inhibitors used during extraction were not chemotactic. Homogenization of tissue after buffer extraction did not result in extraction of additional chemotactic activity, although homogenized extracts had higher protein content. The absolute numbers of cells migrating toward Geys BSA and endotoxin-activated serum (EAS) were variable from one experiment to another (5 to 25 cells, 50 to 90 cells, respectively). Both positive and negative controls were run in triplicate with each assay. Monocytes from H swine were not more responsive than those from N swine to either Geys BSA or EAS.
When chemotaxis membranes were viewed by light microscopy, no monocytes were visible on the top side of the membrane after wiping as described. Cells that had migrated to the underside of the membrane showed typical monocyte nuclear morphology ( Figure 1 ), and were nonspecific esterase-positive. Similar chemotaxis results were obtained using ei-ther lymphocyte/monocyte suspensions prepared by centrifugation on Ficoll-Hypaque or purified monocyte suspensions obtained by elutriation. This finding, together with esterase/peroxidase positivity and nuclear morphology, indicated that the migrating cells were indeed monocytes.
Monocytes from both N and H swine migrating toward endotoxin-activated serum (EAS) (Figure 1 A) or f-met-leu-phe generally exhibited more spreading than did negative controls (Figure 1 B) . This finding was true in general, but to a lesser extent, for chemotactically-compared to chemokineticallystimulated cells (Figure 1 C and D) . The magnitude of response and differences in response on the same membrane were readily visible on a qualitative basis (compare Figure 1 A, B , C, D). Assays which quantitatively did not demonstrate a greater than threefold difference between positive and negative controls were discarded on the basis of poor functional response from the cells (<5% of assays). Cells within or partly within pores were frequent, particularly in the case of large chemokinetic responses. For this reason, only cells showing a complete nuclear profile were counted. Table 1 demonstrates the results of a typical chemotaxis experiment using aortic extracts. Migration is expressed as the number of migrated moncytes/ standard area field/mg protein. In Table 1 aortic extracts were made either from N swine or from H swine fed the C/L diet for 15 weeks (one each), and were tested against monocytes taken from both N swine and H swine (one each) of the same diet duration. Similar results were found with extracts from swine killed after diet times as early as 6 weeks and as long as 38 weeks. The data in Table 1 show that aortic extracts from blue and white areas of N swine at the 15-week diet duration elicited an equal migratory response from monocytes obtained from either N or H donor swine. However, extracts of blue areas from H swine at the same diet duration stimulated a significantly greater migratory effect on H swine monocytes than did white area extracts from the same H swine or from blue or white areas from N swine. This greater response of cells from H swine to blue area extracts compared to white was consistent in multiple triplicate analyses using tissues from 57 swine at 6, 10, 15, 20, 30, and 38 weeks on either the control or the C/L diet, and using more than 50 monocyte donors at similar diet durations. Additionally, these effects were similar when autologous or homologous monocytes were used. Evans blue dye itself was not chemotactic, and extracts made from presumptive blue areas (i.e., areas that normally would be blue, but were taken from five H swine not injected with Evans blue) were also chemotactic.
Dose responses to crude extracts were carried out to determine the effective concentration ranges and differential responses of monocytes from N swine and H swine. As can be seen from Figure 2 , crude extracts of blue areas from H swine elicited a differential response from H swine monocytes (H monocytes) and N swine monocytes (N monocytes). H monocytes showed a peak response at protein concentrations of approximately 12 to 15 x 10~2 mg/ml. Concentrations between 20 and 60 mg/ml were inhibitory, while those greater than 60 mg/ml resulted in enhanced activity. These data are consistent with chequerboard assays (Table 2) , described below. In contrast, N swine monocytes showed no peak of activity at any concentration tested. However, migration increased at protein concentrations 16 to 260 mg/ml. Chequerboard assays showed this increase to be chemokinetic in nature. Dose responses to crude white area extracts ( Figure 3 ) showed little migratory response from either N or H swine monocytes compared to blue area extracts. There was a small peak of response from H monocytes at concentrations of 1 to 3 x 10" 2 mg/ml protein ( Figure 3 ), but chequerboard analysis showed responses to be chemokinetic within this range of protein concentration.
To determine whether the enhanced migratory response toward H swine blue area extracts was chemotactic or chemokinetic in nature, chequerboard assays were carried out using monocytes from both H swine and N swine ( Table 2 ). Blue area extract was placed both above and below the filters at varying protein concentrations (but equal above and below the filter) in triplicate samples. Absolute amounts of protein in the wells were in the range yielding maximal response in dose-response studies. In the case of monocytes from H swine, analysis of the data between the diagonals in Table 2 A, which represents the response due to random migration in the absence of a gradient, shows a nonsignificant increase above background that was not concentration-dependent. However, in the presence of a positive gradient (to the right of the diagonals), the response significantly increased, and was concentration-dependent. A negative gradient (to the left of the diagonals) shows no significant effect above that observed in the diagonals (no gradient). These results demonstrate that the response of monocytes from H swine to blue area extract from H swine was indeed chemotactic, since it was both gradient-, and concentration-dependent.
In contrast, when monocytes from N swine were tested against H swine blue area extracts in an identical analysis (Table 2 B) , the results differed from those above. Analysis of the data between the diagonals (random migration in the absence of a gradient) in this case showed 8.4-fold and 13.1 -fold stimulation at protein concentrations of 0.135 and 0.405 mg/ml. The 1.35 mg/ml concentration was inhibitory, but still resulted in a 2.9-fold increase in activity over control. Similar large responses in migration were observed in the presence of both positive (to the right of the diagonals) and negative gradients (to the left of the diagonals). These results indicate that the response ot monocytes from N swine to blue area extract from H swine was chemokinetic in nature, since it was not gradient-dependent, but was concentration-dependent, in direct contrast to the response of monocytes from H swine. Similar results were obtained using crude blue area extracts at each of the diet-duration times tested.
Fractionation of crude, leached extracts of blue and white areas from H swine was initially carried out by using gel filtration chromatography on Sephacryl S-300 ( Figure 4 ). In early studies in which no reducing agents or protease inhibitors were used, only one peak of chemotactic activity was found in blue area extracts, eluting with an albumin marker of molecular weight 68,000 ( Figure 4 ). The identical peak from white area extracts contained no chemotactic activity as determined by chequerboard assay. Pooled fractions from the blue area extract peaks were subsequently placed on a Blue Sepharose column ( Figure  5 ), and over 90% of the chemotactic activity for monocytes from H swine was found to be associated with the bound fraction, eluted with 1 M KCI. The Blue Sepharose-bound fraction comigrated with albumin on SDS polyacrylamide gel electrophoresis. Similar fractions eluted from whole blood serum or plasma-derived serum on a Blue Sepharose column showed only chemokinetic activity, regardless of monocyte source (N or H swine). In subsequent studies utilizing protease inhibitors and reducing agents, a second peak of chemotactic activity eluted near the end of the S-300 column (Figure 4 ). This peak was four-to five-fold greater in chemotactic activity than the larger MW fraction (Figure 4 ). This fraction was also chemotactic only for H swine monocytes, and similar fractions from white area extracts did not contain measurable chemotactic activity. Activity in this fraction was lost (Figure 4 , shaded area) if protease inhibitors and reducing agents were not added to the crude extracts. Immediate freezing of the crude extracts at -70°C did not result in retention of activity in their absence.
In subsequent studies, crude extracts were fractionated on Sephadex G-50 columns, which resulted in better separation of the two active fractions from blue areas ( Figure 6 ). The higher molecular weight fraction (HMF) again eluted with an albumin marker, while the lower molecular weight fraction (LMF) eluted from the column after insulin (MW 5700). Again, LMF was more active than HMF ( Figure 6 ), and elicited a chemotactic response only from H swine monocytes, as determined by chequerboard assay. Similar fractions of white area extracts did not contain measurable chemotactic activity. HMF and LMF elicited only a chemokinetic response from N swine monocytes, regardless of the diet duration of the swine.
To further determine the specificity of response, monocytes and neutrophils from H swine isolated by counterflow centrifugation (elutriation) were tested for chemotactic response to HMF and LMF in the presence or absence of a positive gradient. The results (Table 3 ) demonstrated that elutriated monocytes migrated toward positive gradients of both HMF and LMF, and that the response was gradientdependent (chemotactic). In contrast, response of neutrophils to either fraction was less than that to negative control ( Table 3) , indicating that the stimulus is specific for monocytes.
In dose-response studies, both HMF ( Figure 7 ) and LMF (Figure 8 ) elicited a peak migratory activity from H monocytes that was not observed when N monocytes were tested concurrently on the same chemotaxis membrane. Protein concentrations of 4.5 x 10" 2 mg/ml and 0.12 x 10~2 mg/ml, respectively, yielded maximum activity from H swine monocytes. Higher concentrations of either fraction proved inhibitory to migration, and chequerboard analyses showed that in both cases, the stimulus was chemotactic to monocytes from H swine. In contrast, the response of N swine monocytes was chemokinetic in the concentration range used. Monocytes and neutrophils were from H swine (12-week diet) separated by counterflow centrifugation; high molecular weight fractions (HMF) and low molecular weight fractions (LMF) were from the blue area of H swine (38-week diet) .
'Significantly greater than negative control, at p < 0.05. 
Discussion
The results of the present study demonstrate the presence of a factor or factors chemotactic for monocytes in the aortic wall of H swine at sites predisposed to early lesion formation 1 as demarcated by the uptake of intravenously injected Evans blue dye. This factor(s), which has now been found in 32 H swine, consistently elicits a several-fold greater migratory response from monocyte than do similar extracts from adjacent white (nonlesion-prone) areas, either in crude or partially purified forms. No difference in migratory stimulation between extracts of blue and white areas from N swine was observed, indicating an absence of the factor(s) in the normal state and its induction in hypercholesterolemia. Moreover, the factor(s) stimulates directional, gradient-dependent (chemotactic) migration only in monocytes from H swine. Its effect on N swine monocytes is chemokinetic (concentration-dependent, gradient-independent) in nature. Similarly, the response to extracts or active fractions of white areas from H swine, and blue or white areas from N swine, is chemokinetic at similar concentrations to similar extracts or fractions from blue areas of H swine. It is feasible, however, that H swine white area extracts contain the factor(s), but in amounts too small to give measurable activity.
Partial characterization of aortic extracts from such areas indicate the presence of a small (<5700 MW) chemotactic factor, and a second factor that, based on elution profile, on binding to Blue Sepharose, and on electrophoretic migration, appears to be associated with albumin in the vessel wall. Whether or not this (presumably) albumin-bound factor is the same as the low molecular weight factor is unknown at this time. However, since albumin is known to bind to, and serve as a carrier for, a wide variety of smaller molecules, it is feasible that some of the low molecular weight factor could be bound to albumin in the vessel wall, particularly since blue areas are known to preferentially accumulate albumin. 29 The possibility that the factor in blue areas is serum-derived is relevant, since blue areas show enhanced accumulation of blood-borne macromolecules. 29 ' x Although Blue Sepharose-bound fractions from serum or plasma showed only chemokinetic activity, the possibility still exists that the factor(s) is present in the circulation in an inactive form or at low concentration and is accumulated at active concentrations in blue areas.
Alternatively, a blood-borne factor could be altered and activated once in the vessel wall, or it might be produced by cells in the vessel wall in response to a stimulus. In this respect, Jauchem et al. 17 have recently shown that cultured arterial smooth muscle cells produce a monocyte chemotaxin. In contrast to the present results, however, it was produced by cells from normal vessels in the logarithmic phase of growth and in the presence of normal serum. It is possible that in the hypercholesterolemic state in vivo, some medial cells divide or modulate to the synthetic state, 31 and produce chemotactic factors only under these conditions. The logarithmic phase in culture may be analogous to this in vivo situation. The arterial endothelium also cannot be ruled out as a source of chemoattractants, given the emerging role of this cell type as a participant in immune responses 32 and leukocyte adhesion. 33 -34 Platelet-derived growth factor (PDGF) has also been shown to be chemotactic for monocytes, 15 and it is of interest in this respect that recent studies indicate that vascular endothelium in vitro may produce a PDGF-like molecule distinct from endothelial-derived growth factor. 35 In preliminary studies in our laboratory, swine endothelial cell-conditioned media is chemotactic for monocytes.
Little is known concerning in vivo mechanisms controlling the migration of monocytes into the vessel wall, although monocytes are known to respond to a wide variety of chemotactic stimuli, including C5a 16 plasminogen activator and kallikrein, 10 thrombin, 12 and elastin and collagen fragments. 1314 Smooth muscle cells 17 and platelets 15 may also produce chemotactic factors. To our knowledge, however, the present results are the first to report an arterial-derived factor chemotactic for monocytes that exists only in the hypercholesterolemic animal. Perhaps of greatest interest is that it can be extracted from portions of the microscopically normal vessel that are prone to early fatty lesion development 2 -4 at times before grossly visible lesions form (6 to 10 weeks on C/L diet). Moreover, we have previously demonstrated that monocytes preferentially adhere to and penetrate the intima of such areas at these same stages of hypercholesterolemia. 2 There is thus a functional and temporal relationship in vivo between adherence and migration of circulating monocytes, the presence of a chemotactic factor(s) in the wall at these specific sites, and the subsequent formation of lesions at these locations. Other studies in progress indicate that extracts of raised fatty fibrous plaques in the swine fed the C/L diet for 15 to 38 weeks are also chemotactic for monocytes, but it is not known whether this factor(s) is the same as that derived from blue areas at prelesion stages of hypercholesterolemia.
Although extensive biochemical characterization studies have yet to be completed, it is evident that LMF is not stable in crude extracts, and is probably subject to proteolysis, since activity is lost in the absence of protease inhibitors, even when stored at -70°C. Once isolated by column chromatography, HMF fractions remain active for several days at 4°C, and for up to 3 weeks at -70°C. Longer storage has not been examined. The knowledge that blue areas preferentially accumulate lipid 538 and that some oxidized lipid products are potent chemotaxins 37 was a concern subsequently alleviated by the addition of reducing agents to the extraction medium. In contrast to LMF, however, HMF could be isolated from H swine blue area crude extracts regardless of whether or not reducing agents and protease inhibitors were used. The HMF activity in crude extracts was stable at 4° C for several days, and at -70° C for up to 4 weeks. If, in fact, HMF is a molecule bound to albumin, as suggested, it is possible that such binding has a stabilizing effect.
Dose responses to crude extracts from H swine blue and white areas demonstrate the presence of a migratory factor in blue, but not in white, areas, whereas dose responses to HMF and LMF show a differential response between H swine and N swine monocytes to these factors. Additionally, chequerboard analyses in the same protein concentration range clearly demonstrate that the response of H monocytes is chemotactic, while that of N monocytes is chemokinetic. Neutrophils do not respond to either fraction. These data illustrate a specific functional alteration of the monocyte in the hypercholesterolemic state, and suggest a level of control for monocyte recruitment not residing in the vessel wall. Protein concentrations yielding peak responses differed considerably between crude extracts, HMF and LMF, due to the presence of large amounts of extraneous protein in crude extracts and (presumably) albumin in the HMF fration. The absence in HMF and LMF of the large chemokinetic response seen at high concentrations in crude extracts suggests that it is due to the presence of large amounts of nonspecific protein subsequently removed by gel filtration. The protein concentration of LMF was in all cases too low to measure using the Coomassie blue assay, and was consequently carried out by fluorescamine analysis of free amino groups after basic hydrolysis. It is evident, therefore, that protein concentrations in the present study have little meaning for the actual concentration of the active molecule, and merely provide a reference for comparing the activity of the various fractions. Other studies currently underway indicate that LMF is considerably contaminated. It is possible that its molecular weight is less than 5000, and that it is present in a small quantity.
The consistent finding of a factor chemotactic for monocytes in lesion-prone (blue) areas in H swine is of considerable importance, not only in relation to our previous findings in the Evans blue model, 1 -5 but also with respect to the recruitment of monocytes and their role in atherogenesis in general. The Evans blue model 38 was initially examined in normal swine 1 • 3 ' » • x '^ 38^t1 as a potential model for study of the relationships between atherogenesis and altered endothelial and intimal function; in this model, the intimal areas in the aortic arch and at branch sites (shown by Fry 42 to be sites of altered hemodynamic stress) can be reproducibly stained by intravenous injections of Evans blue dye. In normal swine, these areas of dye uptake differ from areas with no dye uptake in many aspects detailed in the literature. 1329303638 -41 Studies from our laboratory have shown that blue areas are ultrastructurally altered even in normal swine 41 and that they are, in fact, prone to early fatty lesion formation in hyperlipidemia. 12 Furthermore, there is a preferential adherence and intimal penetration of blood-borne monocytes in blue areas at prelesion stages of hyperlipidemia. 2 Arch lesions are characterized by an absence of recognizable medial smooth muscle cells; 1243 we have postulated that the foam cells in these lesions arise primarily from circulating monocytes that have penetrated the intima.
The recruitment of circulating monocytes into the arterial wall during atherogenesis has also been reported in other species. In early studies, Duff et al. 44 and Poole and Florey 45 described the presence of monocyte-macrophages in the hypercholesterolemic rabbit aorta. Still and Marriot 46 postulated monocyte-macrophage involvement in rats, and more recent studies have shown an association of monocytes with lesion formation in baboons, 47 Rhesus monkeys, 4849 and humans. 50 The exact role of the monocyte in lesion formation is not totally clear, although it is accepted that they are precursors to some of the foam cells of the lesion. 2 ' 49 Recent studies 5152 have shown an association of adherent monocytes and migrating foam cells with lesions in nonhuman primate arteries similar to that we previously demonstrated in swine. 2 ' 4 These studies also point out the potential interrelationships between monocytes, platelet adhesion, and endothelial injury, and again illustrate that certain areas of the aorta are predisposed to these events. Monocyte-derived macrophages are a source of numerous enzymes and factors, including elastase, 7 lipoprotein lipase, 8 and macrophage-derived growth factor, 6 all of which may be important in the atherogenic sequence. More recently, it has been suggeted 9 that mature monocytemacrophages may secrete a factor that regulates the modified LDL receptor activity on monocytes, accelerating cholesteryl ester production and foam cell formation.
A point of considerable interest in the present results is that the chemotactic factor in blue areas was specific for monocytes from hypercholesterolemic swine. It has been established 53 that chemotactic substances act via receptors on the cell surface which, upon activation, initiate a cascade of cellular events resulting in gradient-dependent directional cell migration. 54 Thus, if the blue area factor elicits a chemotactic response only in monocytes from hypercholesterolemic swine, it is feasible that these monocytes carry a receptor not present in the normal state, or one that is somehow activated in hypercholesterolemic conditions. The implications of these findings, therefore, are that the recruitment of monocytes into the arterial wall, which we have shown to be preferential in lesion-prone areas, 2 is not random but is controlled by a chemotactic factor induced in the hypercholesterolemic state. This mechanism not only is dependent on the presence of this factor or factors within the arterial wall, but also is dependent upon functional changes in the circulating monocyte population. The influx of monocytes into the wall in early atherogenesis is, therefore, the result of a more complex series of events than has been previously recognized, and this may, in fact, be a key to the initiation of lesion formation.
